c Streptococcus mutans develops competence for genetic transformation through a complex network that receives inputs from at least two signaling peptides, competence-stimulating peptide (CSP) and sigX-inducing peptide (XIP). The key step of competence induction is the transcriptional activation of comX, which encodes an alternative sigma factor, SigX ( X ), controlling the expression of late competence genes essential for DNA uptake and recombination. In this study, we provide evidence that MecA acts as a negative regulator in the posttranslational regulation of SigX in S. mutans. Using luxAB transcriptional reporter strains, we demonstrate that MecA represses the expression of late competence genes in S. mutans grown in a complex medium that is subpermissive for competence induction by CSP. The negative regulation of competence by MecA requires the presence of a functional SigX. Accordingly, inactivation of MecA results in a prolonged competence state of S. mutans under this condition. We have also found that the AAA؉ protease ClpC displays a similar repressing effect on late competence genes, suggesting that both MecA and ClpC function coordinately to regulate competence in the same regulatory circuit in S. mutans. This suggestion is strongly supported by the results of bacterial two-hybrid assays, which demonstrate that MecA interacts with both SigX and ClpC, forming a ternary SigX-MecA-ClpC complex. Western blot analysis also confirms that inactivation of MecA or ClpC results in the intracellular accumulation of the SigX in S. mutans. Together, our data support the notion that MecA mediates the formation of a ternary SigX-MecA-ClpC complex that sequesters SigX and thereby negatively regulates genetic competence in S. mutans.
C
ompetence development for genetic transformation is a mechanism by which bacteria are able to take up and integrate exogenous DNA from their environments (1) (2) (3) . This enables the recipient organisms to acquire novel genes or heritable traits, promoting the emergence of genetic variations and antibiotic resistance and the rapid evolution of virulence factors (4-6). Therefore, natural genetic transformation is an important mechanism whereby bacteria adapt to changing environments (1, 6) .
It is now known that competence development in members of the genus Streptococcus is regulated by two different quorum-sensing systems (7) (8) (9) (10) . ComCDE is the best-studied model system in the mitis group of streptococci, such as Streptococcus pneumoniae, whereas ComRS is the newly discovered system that performs the same function in the salivarius, mutans, pyogenic, and bovis groups (8) (9) (10) . Both signaling systems are found to induce the competence cascade by activation of comX, which encodes an alternative sigma factor, SigX (8) (9) (10) (11) (12) (13) . In the case of the ComCDE pathway, a competence-stimulating peptide (CSP) is secreted during bacterial growth and is detected by the ComD histidine kinase of a two-component system, ComDE (3, 6, 7) . This leads to autophosphorylation of its cognate response regulator, ComE, that in turn activates the transcription of comX, triggering the competence cascade, or X state (11, 12) . In the ComRS pathway, the signaling system involves sensing a sigX-inducing peptide (XIP) inside the cells after its internalization by an oligopeptide permease transporter, Opp/Ami (9, 10, 13) . Once internalized, XIP interacts with ComR to form a ComR-XIP complex that activates the transcription of comX, triggering the competence cascade (8) (9) (10) . Clearly, all groups of streptococci require activation of comX to trigger the competence cascade, despite the different signaling pathways involved, suggesting that the transcriptional activation of comX differs between different groups of streptococci (6) (7) (8) (9) (10) (11) (12) (13) .
Interestingly, Streptococcus mutans, an oral bacterium associated with dental caries, possesses both the ComCDE and ComRS systems that are shown to regulate genetic competence (10, 13, 14) . When grown in a complex medium, such as Todd-Hewitt broth, S. mutans secretes, senses, and responds to a signaling peptide pheromone or CSP through the ComCDE pathway (Fig. 1) . The ComCDE system coordinates the production of several nonlantibiotic bacteriocins (mutacins) and also strongly induces the expression of comX, resulting in the activation of competence in less than 10% of the population (14) (15) (16) . However, the pathway transmitting this signal from the ComE response regulator to comX is unclear, since a ComE binding site in the promoter region of comX in S. mutans has not been identified (17) . This missing link has recently been filled by the identification of the type II ComRS signaling system that directly controls the transcription of comX in S. mutans in response to XIP (10) . When S. mutans is grown in a chemically defined medium (CDM) with the addition of synthetic XIP, competence activation through the ComRS signaling system is superior, involving nearly the entire population (10, 18, 19) . However, XIP appears to be inactive and only CSP induces competence when S. mutans is grown in a complex medium (18, 20) . This phenomenon is interpreted as bimodal behav-ior of S. mutans in response to a signaling peptide due to the change in medium components (20) . Such bimodal behavior still requires the presence of an intact copy of comS, which encodes the precursor of XIP (20) . Thus, S. mutans can finely regulate the transcription of comX for genetic competence through a regulatory network that responds to two signaling peptides, depending on the nutrient conditions in the environment.
Besides the transcriptional control of comX, the SigX protein is also the target of posttranslational regulation in streptococci. In S. pneumoniae, SigX is positively regulated by ComW but is negatively controlled by ClpE/-P, since ComW both stimulates the activity of SigX and stabilizes the SigX protein against proteolysis by the ClpE/-P complex (21) (22) (23) . Posttranslational regulation of competence is well documented in Bacillus subtilis, in which the master regulator ComK that triggers competence is sequestered in a ComK-MecA-ClpC complex (24) (25) (26) (27) . ComK is activated when it is released from the complex by a small protein, ComS (25) . Recently, a similar regulatory mechanism involving sequestration of SigX by a SigX-MecA-ClpC complex has been reported in Streptococcus thermophilus, in which the type I ComRS system primarily regulates the expression of comX for genetic competence (28, 29) . The S. mutans genome lacks both comW and comK, but it contains all of the genes encoding SigX, MecA, ClpC, and ClpP (30) (31) (32) (33) (34) (35) . Whether MecA in S. mutans plays a functional role in the regulation of the SigX activity and competence was unknown. In this study, we aimed to gain genetic evidence of the functional role of MecA in the regulation of genetic competence in S. mutans.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . S. mutans wild-type (wt) strain UA159 was grown on Todd-Hewitt medium with 0.3% yeast extract (THYE), whereas all of the mutants and transcriptional reporter strains derived from S. mutans UA159 were maintained on THYE supplemented with an appropriate antibiotic(s). For some experiments, S. mutans strains were grown in a chemically defined medium (CDM) prepared as described previously (18, 36) . Escherichia coli host strains for molecular cloning were grown in Luria-Bertani (LB) medium supplemented with an appropriate antibiotic.
Assay for competence activation. A standard competence assay was carried out to determine the effects of gene deletion on competence development (10, 22) . S. mutans UA159 was used as a positive control, while a comX deletion mutant (XT-D1 or XT-D2) was used as a negative control. All the strains were grown either in a complex medium such as THYE with the use of CSP or in CDM medium with the use of XIP. Both peptides were commercially synthesized with 90% purity (BioBasic, Inc., Ontario). Each peptide was freshly dissolved to 1.0 mM in sterile distilled water and diluted further as required. In THYE, an aliquot of CSP (at a final concentration of 500 nM) was added to the cultures at the early mid-log phase (optical density at 600 nm [OD 600 ] of Ϸ0.30). In CDM medium, an aliquot of XIP (at a final concentration of 1 M) was added to the cultures at the mid-log phase (OD 600 Ϸ 0.45). To study the kinetics of transforma-
FIG 1
A proposed model describing the competence regulatory network in S. mutans. The key step of competence development in S. mutans is the transcriptional activation of comX, which is regulated by two quorum-sensing signaling systems, ComCDE and ComRS. These signaling systems, along with their dedicated signaling peptides CSP and XIP, are described. In a complex medium (CM), CSP interacts with ComDE, which activates the transcription of comX by an unknown mechanism, triggering the competence cascade in less than 10% of the population. In chemically defined medium (CDM), the ComRS system senses XIP inside the cell after its internalization by the oligopeptide permease transporter Opp. Once internalized, XIP interacts with ComR to form a ComR-XIP complex, which binds to the ComR box and activates the transcription of comX and comS, triggering the competence cascade in nearly all cells of the population. However, a low level of SigX can be sequestered by MecA-mediated formation of a ternary SigX-MecA-ClpC complex, which further interacts with ClpP for the degradation of SigX. tion, aliquots (0.5 ml) of samples were withdrawn in duplicate at 15-min intervals and exposed to a transforming DNA (either 1 g/ml of plasmid DNA or 10 g/ml of chromosomal DNA conferring an antibiotic marker) for 15 min. Each sample was added with 10 ng/ml DNase, and incubation was continued for 45 min. The cell suspensions were taken from each culture to spread on THYE plates with an antibiotic for selection of positive transformants or on THYE plates for total viable cell counts. The transformation frequency was expressed as the ratio of transformants (antibiotic-resistant colonies) to the total number of recipient cells per milliliter of cell suspension.
Construction of gene deletion mutants.
To determine the effects of inactivation of relevant genes on competence, individual gene deletion mutants were constructed by an allelic replacement strategy using PCRligation mutagenesis (37) . The primers used to construct and confirm these mutants are listed in Table 2 . For construction of the mecA mutant (⌬mecA), for example, a 681-bp fragment (mecA-up) from the internal region of the mecA start codon was amplified against S. mutans UA159 genomic DNA using primers ⌬mecA-P1 and ⌬mecA-P2. An 872-bp fragment (mecA-dw) was amplified from the internal region of the mecA stop codon using primers ⌬mecA-P3 and ⌬mecA-P4. Both PCR products were digested, purified, and ligated to the AscI and FseI sites of an antibiotic resistance cassette (37) (38) (39) . The ligation products were transformed into S. mutans UA159. Following double-crossover recombination, the internal region of mecA was completely replaced by an antibiotic cassette. Positive clones were selected from THYE plates with an appropriate antibiotic(s) for genetic confirmation by a PCR strategy (37) . The presence of the antibiotic marker with flanking regions of the predicted sizes in the mutants but not in the parent indicated successful replacement deletion by the antibiotic cassette. The mutants with double deletions ⌬mecA ⌬comX (XT-D5) and ⌬clpC ⌬comX (XT-D6) were also constructed by transforming the genomic DNA of the ⌬comX mutant into mutants with single mutations of the respective other gene. The confirmed double mutants should confer resistance to the two antibiotics.
Construction of complementation strain. To rule out a potential polar effect on the phenotype of the mecA mutant, we constructed an S. mutans strain that harbored a low-copy-number Streptococcus-E. coli shuttle vector, pDL277 (39) , which was constructed to carry a wild-type copy of the mecA gene for genetic complementation of the defect in trans. Briefly, the entire mecA gene, along with its promoter region, was amplified by PCR against S. mutans UA159 genomic DNA using primers CpMecA-F and CpMecA-B. The amplicon was ligated into the NcoI and EcoRI sites of pDL277 and transformed into E. coli host DH5␣. Transformants selected from LB plates with spectinomycin (50 g/ml) were genetically confirmed by restriction digestion analysis. A confirmed plasmid, named pCpMecA, was transformed into a ⌬mecA mutant (XT-D3) to generate a complementary strain, XT-Cp1, which was resistant to both spectinomycin (500 g/ml) and erythromycin (10 g/ml).
Construction of luxAB transcriptional reporter strains and luciferase activity assays. To monitor the promoter activities of comX and its controlled late competence genes, cinA and comY, we constructed luxAB 
The engineered restriction sites are underlined. GGCGCGCC, AscI; GGCCGGCC, FseI; GGATCC, BamHI; GAATTC, EcoRI; TCTAGA, XbaI; GGTACC, KpnI; CTGCAG, PstI; GCGGCCGC, NotI; GCATGC, SphI.
transcriptional reporter strains that harbored shuttle vector pWAR303 (10) carrying a fusion of luxAB to the promoter region of each of these genes. Briefly, DNA fragments containing the promoter regions (Ϸ300 to 500 bp) of these genes were generated by PCR, purified, and cloned into pWAR303 to generate luxAB fusion plasmids ( Table 1 ). The confirmed plasmids were then transformed into S. mutans UA159 and its relevant mutants for Lux reporter activity assays. The bacterial growth (optical density at 590 nm) and luciferase activities (bioluminescence at 590 nm) of the reporter strains were assayed at regular intervals in a microplate reader (Synergy HT, Biotek, USA). One percent nonanal (Sigma-Aldrich) was used to assay the luciferase activity, since the LuxAB-catalyzed luciferase activity requires the presence of nonanal as a substrate (18, 28) . Briefly, aliquots (300 l) of cell cultures were transferred to the wells of a prewarmed (37°C) microtiter plate. Aliquots (50 l) of the solution containing 1% nonanal (diluted in mineral oil) in a volatile form were placed in the spaces between the wells of the microplate, which was then covered with the lip. The microtiter plate was placed in the prewarmed reader (37°C) for incubation and readings at set time intervals of every 15 min for 5 h. The results were expressed in relative luminescent units (RLU) divided by the cell density values of the cultures.
Construction of SigX-His plasmids and detection of SigX-His by Western blotting.
To investigate the effect of mecA or clpC deletion on the cellular levels of SigX, we constructed a shuttle vector, pSigX-His, that carried a wild-type copy of comX with a C-terminal His tag by a two-step cloning strategy. In the first step, we amplified the entire comX gene (except the stop codon) from the S. mutans genome using primers XhisEcoRI-F and Xhis-NotI-B1 and cloned it into expression vector pET20b(ϩ) (Novagen). The confirmed clone was designated pET-20b-SigX. In the second step, we used a new primer, Xhis-SphI-B2, and XhisEcoRI-F to amplify the insertion and its C-terminal His tag from pET20b-SigX and cloned them into E. coli-Streptococcus shuttle vector pDL277 (39) . A confirmed clone, named pSigX-His, was transformed into S. mutans UA159 and the MecA-and ClpC-deficient mutants. We then examined the abundance of the SigX protein in crude cell extracts from the S. mutans strains. S. mutans UA159 and the MecA-and ClpC-deficient mutants were grown in THYE to induce competence by adding CSP. Aliquots of samples were then taken at different cell densities representing different growth phases to prepare crude protein lysates from these S. mutans strains. The cellular levels of SigX in these strains were estimated by Western blotting using an anti-His tag antibody (GenScript, Piscataway Township, NJ).
Construction of B2H plasmids and two-hybrid assay. To obtain evidence of direct interactions between MecA, SigX, ClpC, and ClpP, a bacterial two-hybrid (B2H) system (BACTH system kit; Euromedex) was used to construct a range of two-hybrid plasmids, which allowed an easy assay of functional interactions between two putatively interacting proteins (40) . The coding sequences of mecA, comX, clpC, and clpP were amplified by PCR from S. mutans UA159 genomic DNA using the specific primers listed in Table 2 . In the first step, each of these PCR products was digested with XbaI and KpnI, purified, and cloned into plasmids pUT18, pUT18C, pKT25, and pKNT25, respectively, using E. coli host strain XL-1 (Stratagene). The positive clones were selected from LB plates with either ampicillin (100 g/ml) or kanamycin (50 g/ml) for genetic confirmation by colony PCR and restriction digestion analysis. In the second step, the confirmed constructs, in combinations of two compatible plasmids, were transformed into the E. coli adenylate cyclase-deficient strain BTH101 (cya-99) for B2H assays. A full list of constructed B2H plasmids is shown in Table 1 . Six clones from each combination were tested on MacConkey indicator agar plates containing 1% (wt/vol) maltose supplemented with both ampicillin (50 g/ml) and kanamycin (50 g/ml). The same clones were also tested on Luria-Bertani (LB) agar plates containing X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; 40 g/ml) and IPTG (isopropyl-␤-D-thiogalactopyranoside; 0.5 mM) supplemented with these two antibiotics. All the plates were incubated and maintained at 30°C for 40 h before assessment of the B2H results.
RESULTS
The S. mutans genome contains a homolog of MecA from B. subtilis. The genome of S. mutans UA159 contains an open reading frame, designated SMU.245, which encodes a putative homologue to the MecA protein from B. subtilis (30) . The MecA protein of S. mutans consists of 240 amino acid residues with a predicted molecular mass of 28,042 Da and a pI value of 4.30. The gene immediately upstream from mecA is SMU.244, which encodes a putative bacitracin resistance protein, while the gene downstream is rgpG, which encodes a protein involved in the biosynthesis of cell wall rhamnose-glucose polysaccharides (41) . The sequence alignment reveals that the MecA protein in S. mutans is highly homologous to those in Streptococcus agalactiae A909 (67% identity), Streptococcus pyogenes M1 GAS (63% identity), and S. thermophilus LMD-9 (57% identity). The MecA proteins are well conserved among S. mutans strains, since all four fully sequenced S. mutans strains, strains UA159, GS-5, NN2025, and LJ23, contain a putative MecA in their genomes (30, (33) (34) (35) . In particular, the MecA proteins in S. mutans strains share high levels of conservation at the N-terminal domain (NTD) and C-terminal domain (CTD) with those of S. thermophilus and B. subtilis (24) (25) (26) (27) (28) , suggesting that MecA in S. mutans might act as an adaptor protein to interact with its partners to regulate competence and stress response in a manner similar to the proteins in S. thermophilus and B. subtilis (24) (25) (26) (27) (28) .
Inactivation of MecA results in increased expression of late competence genes without affecting comX transcription. To determine the functional role of MecA in the regulation of competence genes, we constructed several transcriptional reporter strains that harbored a low-copy-number shuttle vector, pWAR303, containing a promoterless luxAB fused to the promoter of comX, comY, or cinA (10). The promoter of comX (PcomX) was chosen because it integrates all the signals from the early stage of competence. The promoters of the two late competence genes comY and cinA (PcomY and PcinA) were selected because they encode the machinery for DNA uptake and recombination and their transcription is directly controlled by SigX (10, 15, 42 ). These reporter constructs were then transformed into the S. mutans wild-type strain UA159 (MecA ϩ ) and the MecA-deficient (MecA Ϫ ) mutants to generate a set of reporter fusion strains (Table 1 ). All the reporter strains were grown in THYE to monitor their luciferase reporter activities (RLU/OD 600 ) in response to CSP (500 nM). The results showed that all of the reporter strains in the MecA-deficient background, XT-Lx4 (PcomX::luxAB ⌬mecA), XT-Lx5 (PcomY::luxAB ⌬mecA), and XT-Lx6 (PcinA::luxAB ⌬mecA), grew more slowly than the wild-type control strains XT-Lx1 (PcomX::luxAB, wt), XT-Lx-2 (PcomX::luxAB, wt), and XT-Lx3 (PcomX::luxAB, wt) (Fig. 2) . However, the PcomX reporter activities of both type strains increased similarly, reached similar peak levels, and then declined, although the peak in the MecA-deficient strain appeared slightly later than the peak in the control strain ( Fig. 2A) . No significant difference in reporter activities was observed between these two reporter strains, suggesting that the deletion of the mecA gene had little impact on the transcriptional level of comX in S. mutans. In contrast, the reporter activity of the PcomY-luxAB fusion reporter was 100-fold higher in the MecA-deficient strain than in the wildtype control strain, which showed nearly no induction of the reporter activity (Fig. 2B) . Similar results were also observed when the PcinA-luxAB fusion reporter was examined in the MecA-defi-cient mutant and the wild-type control (Fig. 2C) . The results suggest that inactivation of MecA relieved its repression of the late competence genes comY and cinA. To confirm if the reporter activities resulted from SigX-driven transcription of PcomY-luxAB or PcinA-luxAB, we transformed these plasmids into a double mutant, XT-D5 (⌬mecA ⌬comX), to generate two new reporter strains, XT-Lx10 (PcomY::luxAB ⌬mecA ⌬comX) and XT-Lx11 (PcomY::luxAB ⌬mecA ⌬comX). We then examined the Lux reporter activities of these strains. The results showed little reporter activity in the double deletion mutants (data not shown), suggesting that MecA repressed late competence genes, such as comY and cinA, through the SigX but not through another regulatory protein. Together, these data indicate that the regulation of late competence genes by MecA requires the presence of an intact SigX protein, although MecA does not affect the transcription of comX in S. mutans.
Inactivation of MecA results in a prolonged competence state. To determine whether the increased expression of late competence genes in the MecA-deficient mutant had a positive effect on its transformability, we first evaluated the transformation efficiency of this mutant (⌬mecA) in comparison with those of the parent strain UA159 (positive control) and the ⌬comX mutant (negative control) when grown in THYE. The results showed that the MecA-deficient strain transformed with almost the same efficiency as UA159 in response to CSP (Fig. 3A) . Under the same conditions, however, the comX deletion (⌬comX) mutant completely lost its transformability. So did the ⌬mecA ⌬comX double deletion mutant under the same conditions (data not shown). The results indicated that inactivation of MecA did not reduce the transformation efficiency of S. mutans unless comX was inactivated. The results were consistent with the specific luciferase reporter activities in strains XT-Lx1 (PcomX::luxAB, wt) and XYLx4 (PcomX::luxAB ⌬mecA), which showed similar levels of promoter activity of comX in response to CSP (Fig. 2A) . The data confirmed that inactivation of MecA did not directly affect the expression of comX in S. mutans.
We then examined the kinetics of genetic transformation of these strains in response to CSP. As expected, the parent strain UA159 was rapidly induced to take up the transforming DNA, with the maximal transformation frequency peaking between 40 and 80 min after CSP addition (Fig. 3A) . The transformation frequency then declined to the basal level. In contrast, the ⌬mecA mutant showed a slow increase in transformation frequency that peaked around 120 to 150 min after CSP addition, which was 
FIG 3 Kinetics of genetic transformation in S. mutans strains grown in THYE with the addition of CSP (A) or in CDM with the addition of XIP (B). S. mutans
UA159 (wt; black circles), XT-D1 (⌬comX, negative control; open squares), XT-D4 (⌬mecA; black triangles), XT-CpMecA (mecA complementation; open triangles), and JL-clpC (⌬clpC; black diamonds) were grown in either THYE or CDM. Following the addition of CSP or XIP, 1/2-ml samples were withdrawn in duplicate at 15-min intervals and exposed to a transforming DNA at 37°C for 15 min, followed by treatment with 10 ng/ml DNase I for an additional 45 min. The cell suspensions were serially diluted and spread on THYE plates with an appropriate antibiotic for selection of transformants and on THYE plates for total viable cell counts, and the resulting data were plotted as the ratio of transformants (antibiotic-resistant colonies) to the total number of recipient cells per milliliter of cell suspension consistent with its lower growth rate. However, the MecA-deficient strain maintained relatively high levels of transformation frequencies for 2 to 3 h, which declined slightly when the cultures reached the late log phase. The results suggested that inactivation of MecA resulted in a prolonged competence state (X state) for genetic transformation in S. mutans. To further confirm the results, we constructed a MecA complementation strain, designated XT-Cp1, to assay its transformation kinetics. We found that reintroduction of a wild-type copy of mecA into the mecA deletion mutant almost completely restored the wild-type phenotype for transient uptake of transforming DNA (Fig. 3A) .
MecA is ineffective in repressing the expression of comY and cinA when S. mutans is grown in CDM. The functional role of MecA protein was further evaluated by growing S. mutans strains in CDM, a chemically defined medium that was recently found to be permissive for the competence development of S. mutans (10, (18) (19) (20) . In this medium, S. mutans is reported to develop high levels of competence in response to XIP (18) (19) (20) , thereby facilitating the study of the effect of MecA on competence regulation. We first examined the kinetics of genetic transformation of the parent strain UA159 (positive control) and of ⌬mecA, XT-Cp1 (MecA complementation), and ⌬comX (negative-control) strains grown in CDM in response to XIP. Surprisingly, we found that, except for the ⌬comX mutant, all of the strains showed similarly high and persistent levels of transformation in CDM (Fig. 3B) . Consistent with these results, the specific luciferase activities of two late competence genes, assayed using the PcomY::luxAB and PcinA::luxAB mutants, showed persistent increases in their reporter activities ( Fig. 4A and B) . The reporter activities decreased slightly when the cultures reached the late log phase but still maintained significantly higher levels over time. In contrast, the specific luciferase activities of the comX promoter, PcomX::luxAB, still showed a transient increase but declined rapidly afterward (Fig. 4C) . However, there was little difference in the reporter activities of all three promoters, PcomY, PcinA, and PcomX, in the MecA-deficient strains and the wild-type control strains. Interestingly, the ClpCdeficient strain showed a pattern of transformation similar to that of the MecA-deficient strain in CDM (Fig. 3B) . Together, the results suggested that when competence induction reached a threshold level under permissive conditions such as in the CDM, the depletion of MecA had little impact on late competence genes. Under these conditions, transcriptional activation of comX and late competence genes might represent the dominant mechanism for competence development. The patterns of developing such high and persistent states of competence in these strains appeared to be consistent with the results of recent studies on the growth of S. mutans in CDM (18) (19) (20) but were in contrast to the typical transient pattern of the competence state in S. pneumoniae (11, 12, 22) .
ClpC and MecA display similar repressing effects on late competence genes. By comparing transformability in several mutants, including the clpC knockout mutants, we found that the ClpC-deficient strain showed a temporal pattern of transformation profiles similar to that of the MecA-deficient mutant both in THYE and CDM (Fig. 3) . We hypothesized that ClpC protein might also act as a repressor of the late competence genes, similar to the MecA in S. mutans. Therefore, we set forth experiments to test this hypothesis. We also transformed the reporter fusions into the ClpC-deficient mutant to examine the effects of clpC deletion on the promoter activities of comX, comY, and cinA in response to CSP. Interestingly, we found that the deletion of clpC had little impact on the activity of the PcomX::luxAB fusion compared to its activity in the wild-type strain (Fig. 5A) , suggesting that the deletion of clpC did not affect the transcriptional level of comX. We then compared the reporter activities of PcomY-luxAB and PcinAluxAB fusions in the ClpC-deficient strains and the wild-type background. The results showed low induction of the reporter activities of PcomY-luxAB and PcinA-luxAB fusion reporters in the wild-type background. In contrast, these two fusion reporters in the ClpC-deficient strains showed increases in their Lux reporter activities as high as 100-fold ( Fig. 5B and C) . Notably, the deletion of clpC resulted in the activation of comY and cinA in a manner very similar to that in the MecA-deficient strain, suggesting that MecA and ClpC function coordinately to regulate the late competence genes comY and cinA in the same regulatory circuit of S. mutans.
Both MecA and ClpC negatively affect the accumulation of SigX in vivo. To determine the effect of the deletion of either mecA or clpC on the cellular levels of the SigX protein, we constructed a shuttle vector that harbored a wild-type copy of comX with a C-terminal His tag. This construct, designated pSigX-His, was then transformed into S. mutans UA159 and the MecA-and ClpC-deficient mutants to generate three strains, XT-His1 (UA159-pSigX-His), XT-His2 (⌬MecA-pSigX-His), and XT-His3 (⌬ClpC-pSigX-His). These strains were grown in THYE to induce competence by adding CSP. Western blot analysis using an antibody specific to the His tag was used to detect and estimate the cellular levels of SigX in crude protein extracts from the S. mutans strains. The results showed that intracellular levels of the SigX protein were undetectable in all strains without the addition of CSP. Following the addition of CSP, however, the SigX protein was detectable but remained at low to moderate levels in the wild-type control strain (Fig. 6 ). In contrast, both the MecA-and the ClpC-deficient strain, XT-His2 and XT-His3, showed much higher levels of the SigX protein than occurred in the wild-type background. The results clearly indicate cellular accumulation of the SigX protein in the MecA-and ClpC-deficient mutants, further suggesting that both MecA and ClpC negatively affect the cellular levels of the SigX protein in S. mutans.
MecA interacts with both SigX and ClpC in the bacterial twohybrid assays. To obtain evidence of direct interactions between
MecA and SigX or between MecA and ClpC or ClpP, we constructed a range of bacterial two-hybrid (B2H) plasmids using a B2H system (BACTH system kit; Euromedex). In this system, two putative interacting proteins were genetically fused to two complementary fragments, T18 and T25, which constituted the catalytic domain of the adenylate cyclase (40) . The plasmids allowed the production of all possible combinations of N and C fusion proteins between T18 and T25, as well as full-length protein partners. When the fusion proteins interacted with each other, a functional complementation between the T25 and T18 fragments resulted in adenylate cyclase activity and cyclic AMP (cAMP) production, thereby turning on the transcription of the lac operon (28, 40) . The production of adenylate cyclase from transformants of the E. coli cya mutant BTH101 could be detected either on MacConkey indicator plates (positive interactions indicated by red colonies) or on LB plates supplemented with X-Gal and IPTG (positive interactions indicated by blue colonies). Next, all fusion protein combinations of MecA and SigX, ClpC, or ClpP were tested in the B2H system. The results showed that fusion protein combinations of MecA and SigX or MecA and ClpC gave positive signals for interaction with each other (Fig. 7) . However, all fusion protein combinations of MecA and ClpP gave negative signals for interaction with each other, although both ClpC and ClpP showed interactions or some self-interactions (data not shown). Similarly, all negative-control strains, such as those with T18 or T25 with these protein partners, as well as T18 and T25, had no color change on the indicator plates, although some self-interactions were observed between MecA fusion proteins, which was previously explained as a potential oligomerization process by both the NTD and CTD of MecA in B. subtilis (24) (25) (26) . Together, the results from the B2H assays provide strong evidence that MecA acts as an adaptor protein to interact with both SigX and ClpC, likely mediating the formation of a ternary SigX-MecA-ClpC complex in S. mutans.
DISCUSSION
Streptococcus mutans regulates competence for genetic transformation through a complex regulatory network that receives inputs from at least two signaling peptides, CSP and XIP. The key step of competence induction by either of these signaling peptides is the transcriptional activation of comX, which encodes an alternative sigma factor, SigX ( X ), controlling the expression of late competence genes essential for DNA uptake and recombination (6) (7) (8) (11) (12) (13) . Although much is known of the regulatory cascade leading to transcriptional activation of comX, the posttranslational regulation of SigX in this species remains unexplored. In this study, we demonstrate by genetic approaches that the MecA protein acts as a negative regulator of genetic competence in S. mutans grown in a complex medium, a growth condition that is subpermissive for competence development of S. mutans in re- strains that harbored shuttle vector pSigX-His using the anti-His antibody. All the S. mutans strains were grown in THYE to induce competence with (ϩ) or without (Ϫ) the addition of CSP. The crude protein extracts were prepared from cultures of these strains at the mid-log phase (OD 600 , Ϸ0.5), approximately 1 h following the addition of CSP. Before being probed with the antiHis antibody, the membrane was cut in two; the upper part was stained with Ponceau S solution as a protein loading control, and the lower part contained SigX-His analyzed by Western blotting using the anti-His antibody. WT, XTHis1; MecA Ϫ , XT-His2; ClpC Ϫ , XT-His3.
sponse to CSP. The negative regulation of competence by MecA involves a mechanism that requires the presence of the functional SigX. Using luciferase reporter strains, we confirmed that MecA represses late competence genes, such as comY and cinA, without affecting the transcriptional activation of the comX gene. The results suggest that the increased reporter activities of PcomY::luxAB and PcinA::luxAB in the MecA-or ClpC-deficient strain are likely due to the increased stability of SigX under the competence-subpermissive condition. The evidence to support this suggestion is that Western blotting detects an intracellular accumulation of the SigX protein in both MecA-and ClpC-deficient strains but not in the wild-type control strain grown in the complex medium. Therefore, the inactivation of MecA or ClpC likely relieves its control on SigX, resulting in an increased level of free SigX that in turn activates the transcription of the late competence genes comY and cinA. This finding is also supported by the observation that inactivation of MecA or ClpC results in a prolonged competence state of S. mutans grown in the complex medium. However, the results are intriguing, since the expression of late competence genes comY and cinA suggests a shutoff mechanism, based on the use of luciferase reporter strains, although the intracellular levels of SigX were relatively stable in the MecA-and ClpC-deficient strains at the same growth phases. The mechanism behind this discrepancy is unclear. One possibility is that the stable level of SigX in the MecA-and ClpC-deficient strains may be reused for additional activation of competence. Another possibility is that the loss in the Lux activity may result from depletion or a low level of its flavin mononucleotide (FMN) cofactor in the medium. Regardless of the discrepancy, the data clearly suggest that inactivation of MecA or ClpC results in an increase in the abundance or/and stability of SigX during competence development. The work using the B2H assay suggests that MecA likely interacts with SigX and mediates the formation of a tertiary SigX-MecA-ClpC complex, which sequesters SigX of S. mutans grown in the complex medium. In the closely related species S. thermophilus, such a tertiary complex has been proposed to interact with the serine protease ClpP, leading to the degradation of SigX (28, 29) . The negative regulation of the SigX by MecA and ClpC may also be true for S. mutans, based on the data from this study. Recent studies of S. thermophilus have revealed that the AAAϩ protease ClpC has been involved in the negative regulation of competence in a manner similar to that of the MecA in this species (27, 28) . Concerning the potential role of ClpC in competence regulation, we have extended our investigation into Clp proteins in this study. Our results from reporter assays, the B2H assay, and Western blot analysis confirm that ClpC works coordinately with MecA in the same regulatory circuit to regulate competence development in S. mutans. The results indicate that MecA interacts with both SigX and ClpC in S. mutans, strongly suggesting the possibility that MecA may target SigX for degradation by ClpC/-P protease. Such regulated proteolysis appears to be similar to the MecA-mediated ComK degradation by ClpC/-P in B. subtilis (24) (25) (26) (27) . This suggestion is supported by several lines of evidence, as follows: (i) deprivation of MecA and ClpC relieves the transcriptional control of the late comY and cinA genes in a similar manner and without cumulative effects, (ii) the results of B2H assays suggest that MecA interacts with both SigX and ClpC, likely forming a ternary SigX-MecA-ClpC complex that is analogous to the ComK-MecA-ClpC complex in B. subtilis (24) (25) (26) (27) , and (iii) inactivation of MecA or ClpC resulted in the intracellular accumulation of SigX in S. mutans. The evidence from this study suggests that MecA functions coordinately with the ClpC machinery for regulated proteolysis of SigX in S. mutans. Thus, the functional role played by MecA in S. mutans appears to be that of an antisigma factor for regulation of competence. This finding is highly consistent with recent reports from studies of S. thermophilus in which MecA is found to target SigX to ClpC for degradation (27, 28) . The implication of an adaptor protein acting as an anti-sigma factor in a Clp machinery-dependent manner was previously reported in both Gram-negative and Gram-positive bacteria (43) . In the case of E. coli, for example, the adaptor protein RssB specifically targets sigma S ( S ) or RpoS to ClpXP for degradation, regulating the levels of RpoS in the stationary phase or general stress response (44) . Another example is the adaptor protein RsiW, which acts as an anti-sigma factor in the control of sigma factor W ( W ) during alkaline stress in B. subtilis (45) . Regulated proteolysis of a master regulator by an adaptor protein along with Clp machinery for the regulation of competence and stress response is well conserved among low-GC-content Gram-positive bacteria, including streptococci (22) (23) (24) (25) (26) (27) (43) (44) (45) . This emphasizes the importance of the fine control of genetic competence and stress response that has been positively selected throughout microbial evolution. However, further work may be required to investigate how MecA mediates the degradation of the SigX protein by ClpC/-P protease in S. mutans.
Recently, several studies have shown that S. mutans can develop a high level of competence for genetic transformation when it is grown in CDM, a growth medium that is permissive for competence development in response to XIP (10, (18) (19) (20) . It has been found that the competence state induced by XIP in CDM can persist for hours, until the late log phase (18) . This response not only provides the basis for a bioassay for XIP pheromone in CDM but also provides favorable conditions to examine the regulation of competence genes, including comX and the late competence genes (18, 19) . We have examined the effect of MecA on competence development of S. mutans grown in CDM. Interestingly, the negative regulation of genetic competence by MecA appears to be ineffective when S. mutans is grown in CDM with the addition of XIP. Surprisingly, we found little difference between the Lux reporter activities of the MecA-deficient strains and the wild-type control strains. Consistent with the reporter activities, both the MecA-deficient mutant and the wild-type control strain show similarly high levels of transformation in CDM. The evidence suggests that depletion of MecA has little impact on competence induction when the transcription of comX is strongly activated by the ComRS system, which represents a dominant mechanism for competence activation. The results appear to be highly consistent with a recent study of S. thermophilus that showed that MecA is not a repressor of the late comGA operon when the organism is grown under competence-permissive conditions or in CDML (28) . Thus, the negative regulation of SigX by MecA or ClpC appears to be bypassed when S. mutans is grown in CDM or under a competence-permissive condition.
Based on the results presented in this study and current knowledge of the functional role of MecA in S. thermophilus and B. subtilis (24) (25) (26) (27) (28) (29) , we propose the following model for the posttranslational control of SigX in S. mutans (Fig. 1) . In a complex medium or under subpermissive conditions, SigX ( X ) is produced at a basal level and sequestered by MecA, which also binds the ClpC ATPase subunit of the Clp machinery. This ternary complex interacts with the serine protease ClpP, leading to the degradation of the SigX protein. Therefore, the basal level of free SigX is insufficient to induce the transcription of late competence genes. In contrast, the negative control exerted by MecA would be bypassed when the growth conditions are permissive for competence induction, as in CDM, possibly via MecA saturation due to a high level of accumulation of SigX. Consequently, the SigX protein would be free to associate with the core RNA polymerase and, specifically, to recognize the Com box in the promoter regions of many late competence genes to activate their transcription. To confirm this model, further work is needed to investigate MecAmediated degradation of SigX by the ClpC/P protease.
